Paraneurial adhesions have been implicated in the pathological progression of entrapment neuropathies. Surgical decompression of adhesions is often performed, with the intent of restoring nerve kinematics. The normal counterpart of adhesions, native paraneurium, is also thought to influence nerve deformation and mobility. However, influences of native or abnormal paraneurial structures on nerve kinematics have not been investigated. We measured regional strains in rat sciatic nerves before and immediately after decompression of native paraneurial tissue, and before and after decompression of abnormal paraneurial adhesions, which formed within 6 weeks of the initial decompression. Strain was significantly higher in the distal-femoral than in the mid-femoral region of the nerve before either decompression. Decompression of native and abnormal paraneurial tissue removed this regional strain difference. Paraneurial tissues appear to play a major role in distributing peripheral nerve strain. Normal nerve strain distributions may be reconstituted following decompression, even in the presence of paraneurial adhesions.
Introduction
Peripheral nerves are dynamic structures that must withstand significant mechanical forces while reliably conducting electrical impulses. Because nerves traverse articulating joints, they stretch and glide during movement while maintaining structural and functional integrity (Topp and Boyd, 2006) . Animal models have demonstrated that when nerves are subjected to prolonged or excessive strain above physiological thresholds, their function is compromised (Clark et al., 1992; Tanoue et al., 1996; Wall et al., 1992) . In humans, excessive traction can contribute to entrapment neuropathies, including carpal and cubital tunnel syndromes (Mackinnon, 2002; Mahan et al., 2015; Ogata and Naito, 1986; Rempel et al., 1999; Tanoue et al., 1996) .
Peripheral nerves are protected against excessive strain by several adaptations, including axonal undulations that provide strain relief (as in spiral Bands of Fontana) (Haninec, 1986) . Nerves also exhibit regional increases in mechanical compliance, particularly near articulating joints (Phillips et al., 2004) . This difference in local compliance may in part be due to subtle differences in the ultrastructure of nerves at synovial joints (Mason and Phillips, 2011) .
Another candidate for modulating local compliance is the connective tissue surrounding the peripheral nerve, known as ''paraneurium'' or ''mesoneurium.'' Paraneurium (not to be confused with perineurium) consists of fibrous bands that attach the peripheral nerve to its surrounding nerve bed and carry the nerve's extrinsic segmental blood supply (Lundborg, 1979) . Several studies have speculated that the paraneurium may guide the trajectory of peripheral nerves and facilitate low-friction nerve ''gliding'' (Butler, 2000; Mazal and Millesi, 2005; Millesi et al., 1995; Smith, 1966) . Bolstering this possibility is evidence that the pathologic counterpart of the paraneurium -paraneurial adhesionscontributes to entrapment neuropathies by abnormally tethering the nerve to surrounding structures, resulting in impingement, traction, and supraphysiologic strain (Abe et al., 2005; Foran et al., 2016; Ochi et al., 2014; Topp and Boyd, 2006) . As adhesions are believed to increase the risk for recurrent entrapment (Botte et al., 1996; McCall et al., 2001; Steyers, 2002) , the mainstay of surgical management of these syndromes involves decompression or neural transposition, with the intent of relieving traction on the nerve (Foran et al., 2016; Millesi et al., 1993) .
Despite observational evidence supporting a mechanical role for the paraneurium and a welldocumented role for adhesions in the progression of entrapment neuropathy, influences of native or abnormal paraneurial tissue on peripheral nerve strain have not been examined. In this study, we used a rat sciatic nerve model to investigate the effect of native paraneurial tissue and paraneurial adhesions, and the effect of surgical neurolysis of these tissues, on peripheral nerve strain.
Methods

Rat surgeries and image analysis
All procedures were approved by our Institutional Animal Care and Use Committee (IACUC). Twelve 10-week-old male Lewis rats (Envigo, Placentia, CA, USA) were used in this study, under standard group housing conditions. Rats were induced and maintained under anaesthesia at 10 weeks of age and the sciatic nerve was exposed from the quadratus femoris muscle to the level of the sciatic trifurcation using a dissecting microscope. Using a tissue marking pen, five epineurial markers were placed along the exposed nerve, with the most proximal marker at the level of the quadratus femoris muscle and most distal marker at the level of the trifurcation (Figure 1 ). The region between the first and third marker was designated as ''mid-femoral,'' while the region between the third and fifth marker was defined as ''distal-femoral.'' Strain across the entire exposed region (mean strain), maximum strain between any two adjacent markers, and regional nerve strain in the mid-femoral and distal-femoral regions were calculated, using methods similar to those previously published (Abe et al., 2005; Foran et al., 2016; Mahan et al., 2015; Phillips et al., 2004; Schuind et al., 1995) . Briefly, strain was measured based on the marker-to-marker distance in a configuration with the knee extended to 0 and the ankle maximally dorsiflexed (nerve stretched) relative to a configuration with the knee flexed to 90 and ankle maximally plantarflexed (nerve relaxed). Next, the paraneurial connections from the level of the quadratus femoris to the trifurcation were sharply dissected away from the nerve (neurolysis), and strain again calculated, as above. The wound was then closed in layers and rats were returned to their cages. Six weeks after the index surgery, rats were sacrificed, and the sciatic nerve was re-exposed. In all animals, adhesions were discovered to connect the sciatic nerve to the surrounding muscle, fascia, fat, and nerve bed (Figure 1 ), at densities greater than that of the native paraneurial tissues. Nerves were again marked and strains calculated as above. Newly formed adhesions from the level of the quadratus femoris muscle to the trifurcation were sharply and fully dissected with scissors (neurolysis), and strains were calculated again. Upon completion of in situ measurements, nerves were harvested from just above the level of the quadratus femoris and just below the level of the trifurcation, and frozen for future sectioning and analysis. Six sciatic nerves were also harvested from 10-week old Lewis rats to serve as controls. Contralateral controls were not used, due to the possibility of compensatory changes resulting from contralateral nerve damage.
Nerve sectioning, trichrome, and immunohistochemistry
All harvested nerves were thawed and flash frozen in liquid nitrogen cooled isopentane and 10 mm crosssections were obtained using a cryostat proximally at the level of the quadratus femoris and distally at the level of the nerve trifurcation. A proximal and distal section of each nerve then underwent trichrome staining to analyse gross structural morphology and connective tissue content, as well as immunohistochemical staining for neurofilaments (SMI31; axonal marker) and laminin (basal lamina marker). Immunohistochemical samples were imaged using a widefield fluorescence microscope (Leica DM 6000 B). Axon counts for each section were performed using a semi-automated approach, from 63X images of SMI-31 labeled sections.
We also assessed whether adhesion formation affected epineurial integrity or caused intraneural fibrosis. Trichrome images were scored semiquantitatively to determine the integrity of the epineurium and the infiltration of adhesion tissue into the nerve. Blinded images and scoring criteria were presented to four individuals with knowledge of basic nerve architecture, and images were scored based on a scale from 1 to 5. This scale reflects the circumferential extent of fusion between extra-epineurial tissue and the interior of the nerve, indicated by the loss of a clear external epineurial boundary (Table 1 and Figure 2 ). Sample images for each score were presented to individuals as training, prior to blind testing of the full set of images. Quadraticallyweighted kappa scores for each pair of observers were > 0.7, and average scores from all four individuals for each image were used for statistical analysis.
Statistical analysis
Average and maximum measured strains were compared using 2 Â 2 two-way repeated measures analysis of variance (ANOVA) with factors of time (0 or 6 weeks) and surgical intervention (pre-or postdecompression). Proximal and distal strains were compared using 2 Â 2 two-way repeated measures ANOVA with factors of surgical intervention (pre-or post-decompression) and region (proximal or distal), or factors of time point (0 or 6 weeks) and region (proximal or distal). The Mann-Whitney U test was used to test for significant differences between ordinal epineurial integrity scores (a = 0.05). Data are given as mean (SEM).
Results
Nerve structure
At week 0, prior to decompression, nerves were slack with neutral knee and ankle, but incurred tension upon knee extension and ankle dorsiflexion (Figure 1(a)-(b) ). At week 6 (42 days), the nerve trajectory in both neutral and stretched configurations was markedly altered, and overlying connective tissue was observed (Figure 1(c)-(d) ). These changes did not appear to cause any apparent functional deficits, as assessed by toe-spreading. Gross vascular deficits were also not observed, based on minimal An amount of extracellular tissue fusion with the epineurium greater than or equal to 20% but less than 50% of the circumference of the nerve. 4
An amount of extracellular tissue fusion with the epineurium less than 20% of the circumference of the nerve. 5
Complete absence of extracellular tissue fusion with the epineurium.
pooling of blood and a consistent coloration of nerves and visible regions of their targeted muscles. Blind scoring of tissue sections with trichrome labeling showed a significant decrease in epineurial integrity 6 weeks after decompression, compared to controls (p < 0.0002, decompressed: 3.8 (0.1) versus control: 3.1 (0.1); Figure 2 ). However, immunofluorescence labeling of axons (phosphorylated neurofilaments, red) and basal lamina (laminin, green) revealed that connective tissue infiltration into the interior of the treatment group nerves was not observed (i.e., internal epineurial borders remained sharp), and nerve fibre architecture appeared normal in both mid-femoral and distal-femoral regions of the nerve (Figure 3 ). Axon counts (0 weeks: 5324 (434); 6 weeks: 5846 (312); p > 0.37, n = 4) and axonal density (0 weeks: 9.9 Â 10 À3 (2.6 Â 10 À4 ); 6 weeks: 9.8 Â 10 À3 (6.0 Â 10 À4 ); p > 0.92, n = 4) were not significantly different.
Nerve strain
Mean and maximum sciatic nerve strains were measured before and after decompression, at 0 and 6 weeks. Mean strains (Mean AE SEM) prior to decompression at week 0 and week 6 were 17.64% (4.5%) and 16.17% (2.14%), respectively. Mean strains after decompression at week 0 and week 6 were 18.5% (3.35%) and 17.49% (4.5%), respectively. Maximum strains prior to decompression at week 0 and week 6 were 32.14% (6.35%) and 31.28% (3.9%), respectively. Maximum strains after decompression at week 0 and week 6 were 28.80% (4.15%) and 31.73% (5.02%), respectively. No significant differences were observed in either average or maximum strains before and after decompression at either time point. We did, however, observe significant regional differences in sciatic nerve strain (Figure 4) . At 0 weeks, strain in the distal-femoral region (i.e., just proximal to the trifurcation) was significantly higher than that in the mid-femoral region (23.91% (5.4%) versus 12.41% (4.07%), p < 0.001) prior to decompression, but this regional strain difference disappeared after decompression (Figure 4(a) ). Similarly, prior to decompression at 6 weeks, nerve strain in the distal-femoral region was significantly higher than that in the mid-femoral region (20.51% (3.86%) versus 12.26% (2.23%), p < 0.05); again, this regional strain difference was not observed after decompression (Figure 4(b) ).
Discussion
Several studies have suggested a mechanical role for the paraneurium in guiding nerve trajectory and in enabling controlled nerve gliding within its bed (Butler, 2000; Mazal and Millesi, 2005; Millesi et al., 1995; Smith, 1966) . In an early investigation of peripheral nerve blood supply, Smith observed that nerves in situ displayed greater elasticity than those removed from their mesoneurial attachments (Smith, 1966) . Later, Millesi noted that the paraneurium appeared to allow for nerve motion and calibre changes, and could become fibrotic, forming adhesions (Millesi et al., 1995) .
In this study, we found that both native paraneurium and its abnormal counterpart, adhesions, significantly impacted the distribution of strain in rat sciatic nerves. When either normal or abnormal paraneurial tissues were intact, increased strain was observed in the distal-femoral region of the nerve compared to the mid-femoral region. Increased strain distally may be due to nerve proximity to the articulating knee joint or due to compliance required for nerve trajectory changes at the site of trifurcation. This regional strain difference was eliminated when the paraneurial tissue was surgically decompressed, indicating that paraneurial attachments play an essential role in directing strain along the course of nerves.
In a clinical context, nerves are frequently dissected free of their paraneurial attachments to treat entrapment neuropathies. For example, in the surgical management of cubital tunnel syndrome, ulnar nerves are decompressed to free them from paraneurial tissue thought to create a pathologic tether (Foran et al., 2016) . Our data provide an additional biomechanical basis for improvements in symptoms seen after decompression procedures. However, sudden redistribution of nerve strain to less compliant regions that are typically unaccustomed to high strains may also increase susceptibility to neural injury, particularly in cases where early joint motion is encouraged. These possibilities suggest that, as for other soft tissues, the paraneurium should be handled with care and only released with a clear clinical indication, rather than as a routine measure.
Also compelling is our discovery that adhesion tissue appears to reconstitute strain distributions seen in control nerves, in both orientation and magnitude. This finding raises the possibility that the seemingly ''randomly'' generated fibrous tissue exhibited by adhesions may instead participate in or respond to an organized process that attempts to recreate the normal neural biomechanical environment, including strain-induced biological pathways associated with growth and survival (Anava et al., 2009; Pfister et al., 2004; Simpson et al., 2013) . In entrapment neuropathies such as cubital tunnel syndrome, adhesions are frequently viewed as a causative factor in the neuropathy, and are released. In certain cases, adhesions may actually represent a protective or healthy response to other injurious Figure 4 . Regional rat sciatic nerve strains before and after the initial decompression ((a), Day 0) and before and after a second decompression 6 weeks after the initial decompression ((b), Day 42). Distal strain is significantly higher than proximal strain (p < 0.001) prior to decompression at both time points. Two-way repeated measures ANOVA revealed an interaction effect of region and decompression on strain at Day 0 (p < 0.027) and an effect of decompression on strain at Day 42 (p < 0.05). Asterisks indicate significant differences between individual groups based on post-hoc testing.
factors, such as abnormal biomechanics, including increased nerve strain. Such a scenario explains why some patients have no improvement or even a worsening of symptoms after decompression surgery, as the true cause of neural injury is not addressed. It is worth noting that rats were not immobilized in this study. It may be that immobilization, which is often recommended to patients following surgery or traumatic injury, leads to an absence of mechanical stimuli, thus driving adhesions to form a pathologic tether. Further investigation is needed to clarify the interaction between immobilization and biomechanical plasticity following decompression.
An interesting methodological note is that paraneurial adhesion formation in our study required little more than incision, dissection of the paraneurial structures about the nerve, closure with absorbable braided sutures, and the passage of time. The ease of forming adhesive tissue is of interest, as a prior study created adhesions by cautery in combination with suturing the nerve to its bed (Abe et al., 2005) . This intrusive treatment of the nerve's interface with its bed could skew biomechanical results.
Our study has several limitations. We measured nerve surface (epineurial) strain by measuring displacement of epineurial markings, rather than directly measuring strain with a microstrain gauge or other method. Similar methods have been employed in other studies, as use of a strain gauge is not practical in cases where neural integrity must be maintained (Abe et al., 2005; Foran et al., 2016; Mahan et al., 2015; Phillips et al., 2004; Schuind et al., 1995) . Our nerve strain findings were in keeping with prior studies using strain gauges (Topp and Boyd, 2006) . We also did not measure nerve strain distal or proximal to the exposed region of the sciatic nerve. It is possible that nerve strain following paraneurial decompression was transferred to an unexposed region of the nerve. Additionally, while we did not observe any pooling of blood or change in tissue coloration indicative of overt ischemia, more investigation is needed to determine the functional effects of paraneurial decompression on action potential conduction and blood flow. A final limitation is the nature of adhesions that were created following surgical decompression of otherwise healthy tissue. Such adhesions are likely more closely to resemble those formed following surgical dissection than those formed following acute trauma or scar associated with chronic nerve injury, which may induce more severe structural changes to the nerve.
